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Abstract
The magnetic properties of thin-film Pd/Fe/Pd trilayers in which an em-
bedded ∼1.5A˚-thick ultrathin layer of Fe induces ferromagnetism in the sur-
rounding Pd have been investigated. The thickness of the ferromagnetic
trilayer is controlled by varying the thickness of the top Pd layer over a
range from 8 A˚ to 56 A˚. As the thickness of the top Pd layer decreases, or
equivalently as the embedded Fe layer moves closer to the top surface, the sat-
urated magnetization normalized to area and the Curie temperature decrease
whereas the coercivity increases. These thickness-dependent observations for
proximity-polarized thin-film Pd are qualitatively consistent with finite size
effects that are well known for regular thin-film ferromagnets. The critical
exponent β of the order parameter (magnetization) is found to approach the
mean field value of 0.5 as the thickness of the top Pd layer increases. The
functional forms for the thickness dependences, which are strongly modified
by the nonuniform exchange interaction in the polarized Pd, provide impor-
tant new insights to understanding nanomagnetism in two-dimensions.
Key words: Ferromagnetic palladium, Thickness dependent coercivity,
Thickness dependent Curie temperature
PACS: 75.50.Bb, 75.50.Cc, 64.60.an
1. Introduction
The presence of 3d magnetic transition metal ions in palladium (Pd)
gives rise to giant moments thus significantly enhancing the net magnetiza-
tion [1, 2, 3, 4, 5, 6, 7]. Pd is known to be on the verge of ferromagnetism
because of its strong exchange enhancement with a Stoner enhancement fac-
tor of ∼ 10[8]. The magnetic impurities induce small moments on nearby
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Pd host atoms, thereby creating a cloud of polarization with an associated
giant moment[8, 9]. Neutron scattering experiments show that the cloud of
induced moments can include ∼200 host atoms with a spatial extent in the
range 10 to 50 A˚[9, 10]. Thus a thin layer of Fe encapsulated within Pd will
be sandwiched between two adjacent thin layers of ferromagnetic Pd with
nonuniform magnetization and a total thickness in the range 20 to 100 A˚.
We have investigated thin-film Pd/Fe/Pd trilayers in which the thickness
dFe of the Fe is held constant near 1.5A˚ and the thickness of the polar-
ized ferromagnetic Pd is varied by changing the top Pd layer thickness x.
The magnetic properties are studied as a function of x. Our experiments
are motivated by the recognition that ferromagnetism in restricted dimen-
sions has attracted significant research interest and is not totally understood
[11, 12, 13, 14, 15]. For example, the coercive field Hc increases as the thick-
ness of the ferromagnetic film is decreased toward a thickness comparable to
the width of a typical domain wall[16, 17]. The Curie temperature Tc de-
creases as the thickness of the ferromagnetic film is decreased toward a thick-
ness comparable to the spin-spin correlation length[18, 19, 20, 21, 22, 23, 24].
Moreover, the critical exponent β increases with the thickness of the ferro-
magnetic film[21, 24]. We will show below that similar phenomenology ap-
plies to ferromagnetically polarized Pd films, albeit with different functional
dependences arising from the fact that exchange coupling, which decays with
distance from the ferromagnetic impurity[25], is not uniform throughout the
film.
2. Experimental Details
The samples were grown on glass substrate by RF magnetron sputtering.
The base pressure of the growth chamber was on the order of 10−9 Torr.
First a thick layer of Pd of thickness 200 A˚ is grown on top of the substrate.
The root mean square surface roughness of this Pd layer was measured by
atomic force microscopy to be ∼ 6 A˚. Then a very thin (1.5 A˚ as recorded
by a quartz crystal monitor) layer of Fe is deposited on top of the first Pd
layer. Finally a top layer of Pd with thickness x is grown to complete the
trilayer structure shown schematically in Fig. 1a.
We discuss six different samples with the top Pd layer having a thickness
x varying from 8 to 56 A˚. The total thickness y of the polarized Pd (see
Fig. 1b) can range from 20 to 100 A˚[9, 10]. Thus for x < y/2, changes in x
will give rise to changes in y. Auger electron spectroscopy (AES) was used to
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verify the presence of a well defined Fe layer. The AES measurements were
performed in a 10−10 Torr vacuum at sequential intervals following removal
of sub angstrom amounts of Pd using an Argon etch. The depth profile of the
high intensity Fe3 (703.0 eV) LMM Auger electron peak of Fig. 1c shows that
the Fe is embedded in the Pd as a distinct 2D layer with a FWHM thickness
of 1.8 A˚. All of these steps were performed without breaking vacuum.
Measurements of the magnetization M (Fig. 2) were performed using a
Quantum Design MPMS system. The magnetic field H was along the plane
of the substrate. Since the magnetization measurements were ex situ, x was
constrained to be greater than 8 A˚; otherwise the exposure of the sample to
air caused unwanted oxidation of the Fe. The magnetic parameters Hc(x)
(Fig. 3) and Tc(x) (Fig. 4) are calculated respectively from magnetization
loops taken at 10 K (see inset of Fig. 3) and linear extrapolations of the
temperature-dependent magnetization taken at H = 20 Oe (see inset of
Fig. 4). The magnetic contribution from the bottom ferromagnetic Pd layer
is independent of x, since y/2 < 200A˚, the constant thickness of the bottom
layer.
3. Results and discussion
For large values of x, the thickness y of the combined polarized ferro-
magnetic Pd layers and the associated saturated magnetization M = Ms
will reach a constant value. This expectation is borne out in Fig. 2 which
shows the x-dependence of saturated magnetization MsA normalized to sam-
ple area. We note that this normalized saturated magnetization MsA(x)
increases with increasing x as the total amount of polarized Pd increases.
The onset of saturation, near x = 30 A˚ indicates that the polarization cloud
including the embedded Fe layer is ∼ 60 A˚ thick. This value is consistent
with previous observation[10]. The increase of MsA with x shown in Fig. 2
is thus straightforward to understand. As x increases the thickness of the
top polarized ferromagnetic Pd layer increases with a concomitant increase of
magnetic material in the system. Variation of x clearly controls the thickness
of the polarized ferromagnetic Pd layer. When normalized to the number of
Fe atoms present, the saturated magnetization MsA = 1.1 × 10
−4emu/cm2
corresponds to 9.2 µB per Fe atom, in close agreement with previous obser-
vations of the giant moment of Fe in Pd to be near 10 µB[9].
Modeling the x dependence of MsA(x) shown in Fig. 2 for our Pd/Fe/Pd
trilayers is not straightforward. For regular ferromagnets with Ms uniform
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throughout the thickness, we would expect MsA(x) to be linear in x; clearly
it is not. A reasonable model will incorporate an exchange interaction J that
decays radially with the distance from the point ferromagnetic impurity[25,
26]. This complication requires modeling J as a function of distance x from
the plane of impurity. A starting point would be to write the magnetization
M is a function of J [27],
M(H, T, x) =MsBs
(
Ms
kBT
[
gµBH + 2pMJ(x)
])
, (1)
where Bs is the Brillouin function and p is the number of the nearest neigh-
bors beyond which J is zero. In principle the experimentally determined
values of M(H, T, x) can be fit to Eq. 1 to find the best fit values of J(x) for
different values of the parameter p. We have not performed such an analysis.
Fig. 3 shows the behavior of the coercivity Hc(x) as a function of x (solid
black circles). The data are well described by a power-law dependence (solid
black line), Hc(x) ∝ x
−η, where the exponent η = 2.3(±0.1) is close to the
ratio 7/3. Similar power-law behavior reveals itself in regular ferromagnetic
thin films where η has a somewhat smaller value varying from 0.3 to 1.5[13].
Because η depends strongly on strain, roughness, impurity, and the nature
of the domain wall (Bloch or Neel type)[13], it is not surprising to see a wide
variation in η. Neel predicted for example that for Bloch domain walls, Hc
of a ferromagnetic thin film should vary as x−4/3 when the thickness x of the
film is comparable to the domain wall thickness w [16]. For the case of Neel
walls, Hc depends only on the roughness of the film and does not depend on
film thickness [14]. The variation of Hc(x) becomes particularly pronounced
when the film thickness becomes comparable to w.
A qualitative understanding of the steeper Hc(x) dependence becomes
evident by recognizing that the formation of domain structure is driven by
the reduction of long range magnetostatic energy which at equilibrium is
balanced by shorter range exchange and anisotropy energy costs associated
with the spin orientations within a Bloch or Neel domain wall. Domain wall
thickness is given by w =
√
A/K[19, 28] whereK is the crystalline anisotropy
constant and A is the exchange stiffness, proportional to the exchange energy,
J [29]. The domain wall size w increases for decreasing K and increasing
J . If K, which depends on the relatively constant spin-orbit interaction[27]
within the Pd component of the Pd/Fe/Pd trilayers, remains constant, then
variations in w are dominated by variations in J . Thus as x decreases toward
zero, the increase in J [25] gives rise to an increase in w which in turn gives
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rise to a more rapid increase inHc than would be seen in regular ferromagnets
with constant J . As discussed above, this rapid variation with η ∼ 7/3 is
observed experimentally.
The data in Fig. 4 show that Tc increases as x increases and reaches a
relatively constant value near x = 20 A˚. The dashed black line is a guide
to the eye and is qualitatively similar to the behavior of MsA(x) shown in
Fig. 2 which saturates at a larger value near 30 A˚. These observations are
again qualitatively consistent with the finite size effect associated with critical
phenomena in ferromagnets[18, 19, 20]. Although the data are not of suffi-
cient quality to distinguish the power-law behavior that is predicted for finite
size effects[18, 19, 20], we expect that the dependence is further complicated
by the previously discussed dependence of J on x in polarized ferromagnetic
Pd. The behavior of Tc(x) suggests that Pd/Fe/Pd trilayer should be treated
as a single layer with a well defined spin-spin correlation length. If the Pd
layers are treated separately, then the bottom layer with fixed thickness y/2
would have a Tc equal to the highest Tc of the top layer. In this case the
overall measurement would not show a strong change in Tc as a function of
x, since the Tc of the bottom layer would dominate for all x.
We note that for our planar geometry, Tc decreases with decreasing thick-
ness as has also been shown for thin-film Ni [18] and epitaxial thin-film
structures based on Ni, Co and Fe[19]. On the other hand Tc increases with
decreasing size of ferrimagnetic MnFe2O4 nanoscale particles with diameters
in the range 5-26 nm[20]. This increase of Tc with decreasing size is at-
tributed to finite size scaling in three dimensions where all three dimensions
simultaneously collapse[20]. In our two-dimensional planar thin films only
one of the dimensions, the thickness, collapses and Tc decreases rather than
increases in accord with the observations of previous studies[18, 19].
The order parameter (magnetization) is found to be linear when plotted
as a function of (1 − T/Tc)
β as shown in Fig. 5 for all 6 samples. The data
are taken in a small applied magnetic field of 20 Oe. The linear behavior is
observed over a broad range of temperatures below Tc. The exponent β is
determined from the slope of the straight line when magnetization is plotted
as a function of (1 − T/Tc) on logarithmic scales. As shown in the inset, β
increases smoothly with increasing x. This behavior again is qualitatively in
agreement with regular ferromagnetic thin films[21, 24] where β also increases
with thickness. In the case of polarized ferromagnetic Pd we find β ∼ 0.5.
This is larger compared to regular ferromagnets[21, 24]. The value of β varies
from 0.44 for small x and approaches the mean field value of 0.5 as x increases
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(inset of Fig. 5). The mean field value is generally not seen in experiments
for regular ferromagnets, instead β is found to be either ∼ 0.125 for 2D spin
systems or ∼ 0.325 for 3D spin systems[21, 24]. Our observation of mean
field behavior is not understood, since the Pd/Fe/Pd system is complicated
due to the non-uniform exchange coupling, J , which depends on the distance
from the Fe layer.
4. Conclusions
In conclusion, we have characterized the magnetic properties of thin-
film Pd/Fe/Pd trilayers and determined that critical size effects apply to
“ferromagnetic” Pd where the ferromagnetism is induced by proximity to an
underlying ultrathin Fe film. The critical size, or equivalently the critical
thickness, is controlled by varying the thickness x of the top Pd layer. The
dependences on film thickness of the coercive field Hc, the Curie temperature
Tc and critical exponent β are in qualitative agreement with finite size effects
seen in regular ferromagnetic films where the exchange coupling J is constant
throughout the film. The results presented here increase our understanding of
nanomagnetism in ultrathin systems by showing that the spatial variations
of J in proximity coupled Pd have a pronounced influence on the form of
thickness-induced variations, namely: a nonlinear dependence of MsA(x),
an unusually strong power-law dependence of Hc(x), a rapidly saturating
dependence of Tc(x) and a mean field critical behavior of magnetization (β
∼ 0.5).
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Figure 1: a) Multilayer structure of a Pd/Fe/Pd trilayer. The bottom layer of Pd is
200 A˚ thick. The thickness of the Fe layer is 1.5 A˚ as recorded by the quartz crystal
monitor. The thickness x of the top layer of Pd is varied from 8 to 56 A˚. b) Magnetic
structure of the sample. The total thickness y of polarized Pd is in the range 20 to
100 A˚ (shaded red area). Thus by varying x, it is possible to vary the thickness y of
the polarized ferromagnetic Pd layer. c) Intensity of Fe3 (703.0 eV) LMM Auger electron
peak plotted as a function of material removed by argon sputtering. The data (solid black
circles) are fit to a Gaussian distribution (red line). The full width half maximum value
of 1.85 A˚ is consistent with crystal monitor measurements.
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Figure 2: The saturation magnetization normalized to the area of the sample MsA shows
a smooth increase with increasing thickness x. The experimental data are shown as solid
black circles and the dashed black line is a guide to the eye. Saturation to a constant value
occurs near 30A˚ (vertical arrow).
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Figure 3: The coercive field Hc shows a strong increase as the thickness x of the top layer
of the Pd decreases. The data are shown as solid black circles and the black solid line
is a power law fit with exponent η = 2.3(±0.1). The inset shows magnetization loops at
T = 10 K for x = 8A˚ (solid black squares) and x = 56A˚ (solid red circles).
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Figure 4: The Curie temperature Tc rapidly increases with increasing x. Data are shown as
solid black circles and the dashed black line is a guide to the eye. Saturation to a constant
value occurs near 20A˚ (vertical arrow) The inset with Tc indicated by the vertical arrow
shows the temperature-dependent magnetization taken in a field H = 20 Oe.
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Figure 5: Behavior of magnetization as a function of (1− T/Tc)
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field value of 0.5 for large x.
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